The maize Opaque2 (02) 
INTRODUCTION
Prolamins, the major storage proteins of cereals (Osborne and Mendel, 1914) , have proved to be a useful model system to study the regulation of gene expression in plants. We are currently studying the prolamins from Coix lacfyma-jobi, which belongs to the grass tribe Andropogoneae. Other members of this tribe include maize, Tripsacum, and sorghum. Comparisons between the genes from these related species have provided insights into the structure and evolution of the prolamin genes. The prolamins of Coixand maize, coixins and zeins, respectively, can be separated into polypeptides of distinct molecular mass by SDS-PAGE ) and grouped into four classes, a-, p-, y-, and 8-prolamins (Esen, 1986; Leite et al., 1990) . In maize and Coix, the a-prolamins account for more than 70010 of total prolamins and are composed of polypeptides of 19-and 22-kD in maize (Burr et al., 1982) and 25-and 27-kD in Coix . These size class proteins are encoded in both cereals by multigene families (Hagen and Rubenstein, 1981; Ottoboni et al., 1993) , and their expression is under strict tissue-specific and developmental control (Shotwell and Larkins, 1989; Targon et al., 1992) .
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Recently, we have shown that the 25-kD a-coixin genes share high homology with the 22-kD a-zein genes in respect to both protein structure and to the regulatory sequences present in their promoter regions (Ottoboni et al., 1993) . For this reason, we designated the 25-kD a-coixin gene family as 22-kD-like a-coixins (Ottoboni et al., 1993) .
Severa1 mutations are known to affect the level of zeins in the maize endosperm . One of these, opaque2 (02), exerts its major effect on the level of the 22-kD a-zeins (Soave et al., 1976; Burr and Burr, 1982) . A homozygous loss-of-function mutation at 02 results in an overall reduction of 50 to 70% in zein content. This is a consequence of a lower rate of transcription, particularly from those genes encoding the 22-kD a-zeins (Kodrzycki et ai., 1989) .
Another endosperm protein, a 32-kD albumin designated b-32, whose expression is temporally and quantitatively coordinated with the deposition of zeins, is greatly affected by the homozygous 02 mutation. Such a mutation reduces the b-32 mRNA content to 5 to 10% of the wild-type level (Di Fonzo et al., 1986) .
The 02 gene has been cloned by transposon tagging (Schmidt et al., 1987; Motto et al., 1988) and shown to be a basic "leucine zipper" (bZIP) DNA binding protein Schmidt et al., 1990) . Subsequent experiments have shown that the 0 2 protein is capable of transactivating b-32 gene transcription in vivo by interacting with five putative binding sites containing the consensus sequence GATGAPyPuTGPu (Lohmer et al., 1991) .
A quite different target sequence (TCCACGTAGA) has been shown to be the 0 2 binding site in the 22-kD a-zein promoter . This sequence was verified by mobility shift assays using the 0 2 protein from maize endosperm . Furthermore, when a multimer of this 0 2 target site is placed upstream of a minimal promoter, it mediates transactivation of the reporter gene by 0 2 in various transient expression systems Ueda et al., 1992) .
We have previously shown the presence of putative 0 2 boxes in the promoter region of the 22-kD-like a-prolamins and also found sequences homologous to the 0 2 gene in Coixand sorghum (Ottoboni et al., 1993) . In this study, we report the binding to and transactivation of the 22-kD-like a-coixin promoter by the maize O2 protein in both homologous and heterologous expression systems. Surprisingly, we found that the core of the a-coixin 0 2 target site (GACATGTC) shares more homology with the B1 and 84 0 2 binding sites of the b-32 gene than with that of the 22-kD a-zein gene. Moreover, the a-coixin 0 2 box does not contain the ACGT core, an essential condition for the high-affinity binding of the 0 2 protein lzawa et al., 1993) .
RESULTS

Maize 0 2 Protein Binds to the 22-kD-like a-Coixin Promoter
Sequence analysis of the 22-kD-like a-prolamin genes from maize, Coix, and sorghum revealed two homologous 0 2 target sites in their promoters (Ottoboni et al., 1993) . The target sites are designated as 0 2 a and 0 2 b boxes in this study. In the a-36 a-coixin promoter, the first box, 02a, is located at position -301 with respect to the ATG, and the second, 02b, at position -281. However, both boxes showed significant discrepancy in relation to the 0 2 a target sequence 5'-TCCACGTAGA-3 present in the 222-4 22-kD a-zein gene promoter . Interestingly, as can be seen in Figure 1 , other 22-kD a-prolamin genes share such a discrepancy, including two recently isolated 22-kD a-zein genes (Thompson et al., 1992) .
To determine whether the 02-like boxes of the 22-kD-like a-coixin promoter are recognized by the 0 2 protein, we conducted a DNA binding assay using the maize 0 2 protein in a B-galactosidase (P-Gal)::02 fusion . As shown in Figure 2A (lane 2), a 260-bp Sau3Al restriction fragment that is immediately 3 o f the "prolamin-box" (Brown et al., 1986b) and contains the two related 0 2 boxes ( Figure 26 *.* ** * * *t.
**** *, . . * t t * * * * *.** ** . * * *1 The -350-bp promoter fragments extending from the ATG of six 22-kD a-zein clones are aligned. They include pML7 and pML2 (Wandelt and Feix, 1989) , ZSF4C3 (Liu and Rubenstein, 1992), 222-4 (Schmidt et al., 1992) , and 9222.8 and 1ygZ22.8 (Thompson et al., 1992 ) from maize; the 22-kD-like a-kafirin clone pGK7 (DeRose et al., 1989 ) from sorghum; and the Coix 22-kD-like a-coixin clone a-36 (Ottoboni et al., 1993) . Dashes indicate deletions introduced to maximize the homology comparison. ldentical nucleotides are marked by asterisks. The locations of the putative DNA regulatory sequences "prolaminbox;" 02 target sites 02a, 02b, and 02c; TATA box; and the translation start codon (+I) are indicated above the sequence data.
protein does not bind to the O2a box of the a-coixin promoter. Because in this EcoRI-Sau3AI digestion the O2a box remained in a 35-bp fragment that is too small to be retained by the (H3al::02 fusion, the binding was confirmed by digesting the a-coixin promoter fragment with EcoRI and Xbal. As shown in Figure 2A (lane 6), only the 310-bp fragment that contains the O2b (and O2c, see below) box ( Figure 2B ) was retained. The SauSAI digestion of the 22-kD o-zein promoter (plasmid Pa-Z4103), which was included in the binding assay as a (A) Plasmids containing the promoter sequence from a-zein 22Z-4 (Pa-Z4103), a-coixin a-3B (Pa-Cx103), a-coixin pseudogene (pseudo) a-3A (Pa-PCx103), and pBluescript KS+ (KS) vector were digested with SauSAI, EcoRI and SauSAI, or EcoRI and Xbal, end labeled, and incubated with the immunoselected p-Gal::O2 fusion protein. Oddnumbered lanes show the labeled restriction fragments that were incubated with the fusion protein. Even-numbered lanes show the fragments that were specifically retained by the (3-Gal: :O2 fusion. The lengths of the pBluescript KS+ SauSAI fragments are given at right in kilobases. (B) Partial restriction map of the promoter region from the 22-kD-like a-coixin a-3B and 22-kD a-zein 22Z-4 genes cloned in Pa-Cx103 and Pa-Z4103, respectively. The putative O2 target sites O2a, O2b, and O2c are represented by ovals. The solid lines above the map indicate the restriction fragment that was bound by the p-Gal::O2 fusion. Abbreviations for restriction sites are as follows: E, EcoRI; H3, Hindlll; N, Ncol; S, Sau3AI; X, Xbal. positive control, showed that the O2 protein binds to a 200-bp fragment that contains the O2a box ( Figure 2A , lane 8), as was determined previously .
When the a-zein promoter was digested with EcoRI-Sau3AI, thus separating the 02 boxes present in the 200-bp SauSAI fragment ( Figure 2B ), no binding was observed (Figure 2A , lane 10). This confirmed that the O2 protein does not recognize the O2b (and O2c, see below) in the a-zein promoter. When the a-zein promoter was digested with EcoRI-Xbal, only the 455-bp fragment containing the O2a box ( Figure 2B ) was retained ( Figure 2A, lane 12) . As shown in Figure 2A (lane 14), no binding was observed to the restriction fragments from the pBluescript KS+ vector included as a negative control.
The clone Pa-PCx103, containing the promoter of the 22-kD-like a-coixin pseudogene a-3A (Ottoboni et al., 1993) , was also assayed for its retention by the O2 protein. Like the normal gene (a-3B), the 260-bp SauSAI restriction fragment was bound by the 02 protein ( Figure 2A , lane 16).
O2 Protein Recognizes the GACATGTC Sequence in the 22-kD a-Coixin Promoter
The site of interaction of (3-Gal::O2 on the 260-bp a-coixin promoter fragment was mapped using DNase I footprint, as shown in Figure 3 . The assay was performed on both strands by using increasing amounts of the protein A-Sepharose beads containing the immunoprecipitated 0-Gal::O2 fusion . Surprisingly, the O2a and O2b boxes were not protected. Instead, a third region that we have designated O2c (Figure 1 ) was strongly footprinted.
As shown in Figure 3 , the footprint observed in each strand produced an overlapping region spanning 23 nucleotides that is located at position -181 to -159 with respect to the ATG initiation codon. According to the assumption that bZIP proteins bind palindromic sequences, the region footprinted in the a-coixin promoter encompasses the perfect palindrome 5'-GACATGTC-3'. As shown in Table 1 , the O2c target site of the a-coixin promoter, albeit completely different from that identified in its a-zein relative , has some homology with the O2 target sites B1 and B4 reported for the to-32 gene (Lohmer et al., 1991) .
The nucleotide positions of the a-coixin O2c box were numbered relative to the center of symmetry. Following the nomenclature used previously for the GCN4 binding site (Oliphant et al., 1989) , the central two nucleotides A and T of the GACATGTC palindrome were designated as -0 and +0, respectively.
Among the 22-kD-like a-prolamin genes (Figure 1) , the a-kafirin clone pGK1 (DeRose et al., 1989) contains the most homologous O2c box, which differs from that found in the a-coixin promoter by an A-to-C replacement at position -2 (Table 1). Interestingly, the O2c box in the a-coixin pseudogene a-3A contains the same modification (Table 1) and is still recognized by the O2 protein (Figure 2A a-zein clone (Figure 1 ), we predicted that the O2c box is the preferred binding sequence in the pGK1 a-kafirin clone.
In the 22Z-4 clone, as in all other 22-kD a-zein genes (Figure 1) , the O2c box differs from that of the a-coixin by an A-to-C mutation and a G-to-A mutation at positions -2 and +1, respectively (Table 1 ). These alterations, as shown in Figure 2A (lane 10), were sufficient to prevent O2 binding to this box under conditions in which strong binding to the a-coixin box was apparent. The other differences in 22Z-4 at positions -4 and -5, although they improved either the similarity with boxes 81 and B4 of b-32 or the symmetry with the nucleotides at positions +4 and +5, were not sufficient to restore the O2 binding affinity. Therefore, it appeared that within the 23-nucleotide footprinted sequence in the a-coixin promoter, the motif GAC-ATGTC represents the main O2 binding requirement at the nucleotide level. Moreover, although it is not present in the B2, B3, or B5 02 boxes of the b-32 gene (Lohmer et al., 1991) , the CATG core, as shown in Table 1 , seems to be an important consensus motif.
To confirm the footprint result, we performed O2 DNA binding assays on plasmids that contained either the intact 285-bp EcoRI-Ncol a-coixin promoter fragment or an otherwise identical clone from which the sequence CAATAGA from the O2b box had been deleted. These plasmids, designated P285a-C and P285AO2b, respectively, are represented in Figure 4B . As shown in Figure 4A , a single restriction fragment of 225 bp in P285a-C (lane 4) and a fragment of 218 bp in P285AO2b (lane 6) were retained by the (3-Gal::O2 fusion, confirming that the O2 binds to the O2c box and not to the O2b in the a-coixin promoter.
Transcriptions! Activation of the 22-kD a-Coixin Promoter Is Mediated by the O2 Protein
Immature Endosperm
To determine whether the binding affinity in vitro of the a-coixin promoter reflected the situation in vivo, we conducted a histochemical spot-counting transient assay in situ. In this assay, immature maize endosperms were bombarded with DMA- (A) A plasmid containing the wild 285-bp a-coixin promoter fragment (P285a-C), a mutant version in which the O2b box was deleted (P285AO2b), and the pBluescript KS+ (KS) vector was digested with EcoRI and Sau3AI or SauSAI, end labeled, and incubated with the immunoselected (3-Gal::O2 fusion protein. Odd-numbered lanes show the labeled restriction fragments that were incubated with the fusion protein. Even-numbered lanes show the fragments that were specifically retained by the |3-Gal::O2 fusion. The lengths of the pBluescript KS+ SauSAI fragments are given at left in kilobases. (B) Partial restriction map of the subcloned promoter region from the a-coixin a-3B gene. The putative O2 target sites O2b and O2c are represented by ovals. The wild-type sequence spanning the O2b box (boxed sequence) is represented in single-letter code over its corresponding restriction map. The deleted nucleotides in the O2b box of P285AO2b (deleted version of boxed sequence shown above) are shown as points. Abbreviations for restriction sites are as follows: E, EcoRI; N, Ncol; S, Sau3AI. coated microprojectiles. The success of this method in the analysis of promoter-regulatory protein interaction has been demonstrated previously (Oedaetal., 1991; Roth etal., 1991) . Figure 5 shows the different constructs used to analyze the role of the O2a and O2c boxes of a-coixin and a-zein promoters. Such constructs consist of reporter plasmids expressing the p-glucuronidase (GUS) gene under the control of the intact promoters (Pa-CxGUS and Pa-Z4GUS in Figure 5 ) or deleted versions containing only the fragment from the EcoRI site to the ATG codon (P285a-CGUS and P276a-Z4GUS in Figure  5 ). The deleted versions lacked the 02a box, the prolaminbox, and any other possible upstream c/s-acting element. As a negative control, we used a plasmid in which the GUS gene was placed under the control of the a-coixin promoter fused in the inverted orientation (Pa-Cs[-]GUS in Figure 5 ). These constructs were delivered into immature maize endosperm alone or together with the effector plasmid (pRT101-O2) expressing the intact O2 protein from maize.
As shown in Figure 6 , the intact a-coixin (bar A) and a-zein (bar C) promoters conditioned similar levels of activities. When the sequence upstream of the EcoRI site was deleted from both promoters, the activity was reduced ~50°/o for the a-zein ( Figure 6 , bar D), whereas for the a-coixin the activity was not significantly (P < 0.05) altered in relation to the intact promoter ( Figure 6, bar B) . These results agree with the DNA binding assay, indicating that the preferred O2 target site in the a-zein promoter is the O2a box, whereas in the a-coixin it is the O2c box. As expected, no activity was observed from the negative control construct (Figure 6 , bar F).
When cotransformed with the effector plasmid pRT101-O2, a reproducible level of enhancement in GUS activity was observed for all the reporter plasmids ( Figure 6 , bars A+G to D+G), exempting the negative control ( Figure 6 , bar F+G). In addition, after cotransfection, blue spots were also observed in the pericarp, as shown in Figure 7 (compare Figures 7A,  7C , 7F, and 7H with 7B, 7D, 7G, and 71, respectively), unequivocally indicating the occurrence of O2-mediated transactivation.
Strikingly, transactivation was also observed for the P276a-Z4GUS construct, suggesting that another sequence of the -276-bp a-zein promoter may also be recognized by the O2 protein in vivo. Because the -276-bp promoter lacks its preferred O2a target site in this construct, this enhancement of expression was expected to be lower than that observed for the intact a-zein 22Z-4 promoter (Pa-Z4GUS), which contains both O2 boxes. However, as can be seen in Figure 6 (bars C+G and D+G), both constructs reached the same level of expression. This could be explained by a condition in which a large amount of O2 protein, which is transiently expressed by pRT101-O2, increased the chance of O2 binding to the putatively less efficient O2 target site of the a-zein promoter.
Because the 02 protein is not able to transactivate the rice actinl promoter (data not shown), our results suggested a model in which the O2-mediated enhancement of transcription is a consequence of direct interaction with these prolamin gene promoters and not due to a general increase in transcription. over the bars represent the significant differences (P < 0.05) as determined by analysis of variance and SNK multiple range tests (Steel and Torrie, 1980) .
Pa-CXGUS
Tobacco Mesophyll Protoplasts
To ensure that the pRT101-O2 enhancement of expression from the a-coixin promoter is not a mere consequence of repressor titration by heterodimerization (Pysh et al., 1993) , we conducted transient expression assays using the same set of constructs in tobacco mesophyll protoplasts. Our rationale was based on the assumption that tobacco does not contain an endosperm repressor. Moreover, by using tobacco protoplasts we eliminated the interference of both the endogenous 0 2 protein and other endosperm-specific traans-acting factors.
The GUS activity driven by the acoixin and a-zein prornoters was greatly enhanced upon cotransfection with the pRT101-O2
effector plasmid, as shown in Figure 8 . The levels of activity from both a-coixin and a-zein intact promoters were statistically similar (Figure 8 , bars A+G and C+G). 60th truncated constructs were significant less efficiently transactivated by the 0 2 protein than the whole promoters (Figure 8 , bars B+G and D+G), although the upstream deletion in the a-coixin promoter was less detrimental to the transactivation efficiency than the same deletion in the a-zein promoter. In fact, the leve1 of GUS activity obtained after cotransformation of the truncated ct-coixin promoter was approximately twice that observed for the truncated a-zein. No activity was obtained when using the construct with the inverted a-coixin promoter (Figure 8 , bars F and F+G). These results confirmed those observed in the transient expression assay in immature endosperm. The O2a box accounted for most of the 02 transactivation of the a-zein promoter, whereas the O2c box accounted for most of the O2 transactivation of the a-coixin promoter. However, the following two questions can be raised. Why was the truncated a-zein promoter, which does not contain the O2a box, substantially transactivated? Why did the whole a-coixin promoter result in higher GUS activity when compared to the truncated version if the O2c box is already present in the deleted promoter? It appeared that in our transient expression assay, not only the preferred O2 target site but also other sequence motifs are involved in the transactivation of both promoters. Such sequences may represent alternative weakly O2 binding sites.
O2-Mediated Transcription of an 22-kD a-Coixin Pseudogene Promoter
The presence of in-frame stop codons is a common feature of multigene families containing tandemly repeated gene blocks. They are called pseudogenes, and they have been found in several cereal storage protein genes. The presence of such "premature" stop codons, however, does not imply that the gene is inactive. In fact, zein cDNA clones containing inframe stop codons have been isolated, indicating that such pseudogenes may not be transcriptionally silent (Viotti et al., 1985) . Recently, it was shown that a C-hordein pseudogene is transcriptionally active and that its amber codon can be partially suppressed during translation (Entwistle et al., 1991) . In contrast, a-glutenin (Halford et al., 1989 ) and y-gliadin (Rafalski, 1986) pseudogenes of wheat are reported to be transcriptionally silent.
A genomic clone containing three contiguous 22-kD-like a-coixin genes, two of which (a-3A and a-3C) harbor a GUS activity was normalized according to the expression derived from the pRT103GUS vector (average 165 nmol of 4-methylumbelliferone per minute per milligram of protein = 1000/0). The bars correspond to activity of the, construct with the same nomenclature as given in Figure 5 . Bars A to F represent the activity of reporter plasmids transfected alone. Bars A+G to F+G show activity upon cotransfection with the effector plasmid pRT101-O2 (see Figure 5) . The values indicated show the average GUS activity and the standard deviation. Lowercase letters over the bars represent the significant differences (P < 0.05) between activities as determined by analysis of variance and SNK multiple range tests.
"premature" stop codon, was isolated from a Coix genomic Iibrary (Ottoboni et al., 1993) . Because the promoter sequences of both pseudogenes are nearly identical to the normal a-36 gene and contain the putative 02c box, we fused the a-34 pseudogene promoter with the GUS gene (Pa-PCxGUS in Figure  5 ) and tested its propensity to be transactivated by the 0 2 protein. Transient assays in immature endosperm (data not shown) and tobacco mesophyll protoplasts (Figure 8 , bars E and E+G) indicated that the a-3A pseudogene promoter drives the same leve1 of expression and is transactivated in a similar manner with respect to the normal a-36 gene.
DISCUSSION
Comparisons of the 22-kD-like a-prolamin genes from maize, Coix, and sorghum have shown that they share highly conserved protein structure and putative cis-acting regulatory elements. The presence of 0 2 homologous sequences in the Coix and sorghum genome (Ottoboni et al., 1993) indicates that the 0 2 protein may representa conserved regulatory fransacting factor. In fact, we have isolated an 02-like clone from a Coix cDNA library (A. Vettore, unpublished data). However, a perfect counterpart to the recently identified 0 2 target sequence 5'-TCCACGTAGA-3' present in the 22-kD a-zein clone 222-4 could not be found in the homologous a-prolamin promoters. When all of the 22-kD-like a-prolamin promoters were compared (Ottoboni et al., 1993) , two homologous 0 2 putative target sites were found in each gene. In the a-coixin promoter, such target sites are represented by the sequences 5'-TCCTCATGAA-3' (box 02a) and 5'- In this study, we used DNA binding assays and DNase I footprint analysis to demonstrate that the maize 0 2 protein recognizes neither box 0 2 a nor 0 2 b in the a-coixin promoter but rather a third sequence, which we designated the 02c box. The overlapped region protected by the 0 2 protein on both strands of the a-coixin promoter comprises 23 nucleotides and has an inner palindromic sequence 5'-GACATGTC-3; which presumably represents the most important requirement for 0 2 binding effectiveness. Although we did not perform a mutational analysis of the 02c box, further support for its importance could be indirectly addressed because (1) it is highly homologous to already published 0 2 binding sites in the b-32 gene; (2) in an in vivo dimethylsulfate footprinting of a glutenin gene in wheat endosperm, it was demonstrated that a region including the motif G A C A m A is protected at the time when the gene is highly transcribed (Hammond-Kosack et al., 1993) ; and (3) the naturally occurring mutations in the GACATGTC-like sequence of the 22-kD a-zein promoter were sufficient to prevent the 0 2 protein binding.
As shown in Figure 9 , the 19-kD a-zein clone ZE79 (Spena et al., 1982) contains three highly homologous GACATGTC sequences. Such sequences are also found in other 19-kD a-zein clones (Brown et al., 1986a) . One of these, the CACATGTG sequence located at the prolamin-box (Figure 9 ), is also present in severa1 22-kD a-zein genes (see Figure 1) . However, in spite of the exhibited homology, no apparent 0 2 binding occurs in such GACATGTC-like sequences of the 19-kD or in that of the 22-kD a-zein clones . Because the CATG core is conserved in all sequences that are not recognized by 0 2 , we concluded that the nucleotides at positions -3, -2, +2, and +3 are also important in determining 0 2 binding specificity. Strikingly, even a variation that preserves the palindromic trait, as in the case of the CACATGTG sequence mentioned above, can be sufficient to abolish 0 2 binding. Paradoxically, a mutation that disrupts the palindrome, as occurred with the 0 2 c box of the a-3A coixin gene ( Figure   9 ), does not prevent 0 2 binding (Figure 2A ). Therefore, it may be assumed that not only the palindromic trait but also some nucleotides at certain positions play an important role in the DNA-O2 protein interaction. Interestingly, the protected sequences flanking the GACATGTC palindrome in the a-38 02c box comprise two other smaller motifs (Figure 9 ). The first is TGACT, which resembles the GCN4 binding site (Hill et al., 1986) , and the second is CATCTCTA, a sequence common to the 5'-flanking region of prolamin genes from severa1 cereals, called CATC box (Kreis et al., 1986) . The relevance of such motifs on.the 0 2 protein binding is under investigation. Surprisingly, the GACATGTC sequence showed high homology with the 0 2 binding sites B1 and 84 identified in the promoter of the b-32 gene (Lohmer et al., 1991) . Such a finding helps to resolve the conflicting results concerning the 0 2 target site reported by two different laboratories (Lohmer et al., 1991; Schmidt et al., 1992) . By using the same experimental procedures and conditions reported for the identification of the 0 2 box in the a-zein promoter , we found ab-32-like,target site in the a-coixin promoter. This clearly denotes that the apparently conflicting results cannot be attributed to the different experimental conditions lzawa et al., 1993) , and it is more likely that all the binding sites identified thus far can be recognized by the 0 2 protein even though they have different binding affinities.
The fact that in the 22-kD prolamin genes of maize and Coix, two different sequences can be recognized by the 0 2 protein raises a very interesting evolutionary issue. Because the 22-kD class of prolamin-coding genes are present in multicopy in both plants, m e would suppose that the duplication events giving rise to these genes would have occurred before the events that separated the two plant species. Therefore, the regulatory system between the 0 2 and its prolamin-dependent genes would be the same in the two plant species. Our data support the fact that they are not. In addition, the pGK7 22-kD a-prolamin gene of sorghum exhibits an a-coixin-like 0 2 box. Positions are relative to the translation start. The 0 2 target sequence footprinted in the a-coixin promoter is indicated. The GCN4-like motif, the 02c palindromic core, and the CATC box are indicated by underlhe, boldface italic letters, and a double underline, respectively. The sources are a-%, a-3B (Ottoboni et al., 19!33) , E 7 9 (Spena et al., 1982) , and 222-4 .
family both kinds of 0 2 target sites were present in the ancestor of maize, sorghum, and Coix. 1ncreasin.g the number of sequences of 22-kD-like a-prolamin promoters could provide more information to confirm our hypothesis. Interestingly, the ylgZ22.8 a-zein clone seems to be an intermediate between the a-3B a-coixin and the 222-4 a-zein genes because it contains an a-3B-like 0 2 a box and a 22Z-4-like 02c box (see Figure 1 ). In contrast, the contiguous 9222.8 a-zein clone (Thompson et al., 1992) presents the 0 2 a and the 02c target sites similar to those of the 222-4 a-zein clone (Figure 1 ).
The 0 2 Protein Binds Target Sites without ACGT Cote
Without losing binding affinity, the 0 2 protein supports a relatively high degree of degeneracy at the nucleotides flanking the ACGT core (Izawa et al., 1993) . However, the replacement of the ACGT core by ACAT was sufficient to abolish binding in vitro and transactivation in vivo (Ueda et al., 1992) of the a-zein promoter by the 0 2 protein. Nevertheless, this conflicts with the fact that the 61, 82, 83, and 84 sites to which 0 2 is reported to bind in the promoter of the b-32 gene (Lohmer et al., 1991) and the 0 2 c target site of the a-coixin do not contain an ACGT core. Thus, although most of the characterized plant bZlP proteins recognize the ACGT core, it does not imply that they necessarily require this core. For example, the TGACGTC binding proteins also interact with the TGACGC motif of the cauliflower mosaic virus (CaMV) 35s
promoter (Katagiri et al., 1989) . Moreover, in most cases, the importance of the ACGT core was analyzed by mutations that create asymmetric cores (Oeda et al., 1991; Schindler et al., 1992; lzawa et al., 1993) , whereas in the 02c a-coixin box, the CATG core remains perfectly symmetric. This does not mean, however, that the binding will remain unaffected by any alteration to the ACGT core that preserves symmetry. For example, the substitution of the ACGT core by GTAC in boxes II and III of the chalcone synthase parsley promoter prevents the recognition by the common plant regulatory factor bZlP proteins (Armstrong et al., 1992) .
Can Low-Affinity Binding Sites in Vitro Medíate Transcriptional Activation in Vivo?
Using immature maize endosperm and tobacco protoplast, we demonstrated that the transiently coexpressed maize 0 2 protein enhanced the activity of the heterologous 22-kD-like a-coixin promoter at the same level as it does for the maize 22-kD a-zein promoter. Furthermore, even when the region upstream from the EcoRl site was deleted, thus preserving only the 02c box, the OBmediated enhancement of expression was maintained on both promoters. Nevertheless, the resulting expression level was lower than that obtained with the nondeleted promoters. In this case, however, the truncated a-coixin promoter was transactivated to a higher level than the truncated a-zein. From this data, we proposed that both the 0 2 a box in the a-zein promoter and the 0 2 c in the a-coixin promoter do not represent the unique cis elements (albeit being the most important) responsible for the resulting 0 2 transactivation.
In the binding assay in vitro, however, only the 0 2 a box of the a-zein and 02c box of the a-coixin strongly interacted with the 0 2 protein. Because the transactivation experiments performed in maize endosperm and tobacco protoplasts in vivo gave similar results, an artifact seemed unlikely. This discrepancy could be explained if the conditions of the binding assay in vitro were to0 restrictive to detect weak but selective interaction of the protein to the target fragment. In fact, when
we performed a footprint analysis of the a-coixin promoter without the DNA competitor poly(d1-dC), the sequence CATGCATG, located just downstream of the prolamin-box (Figure i) The results presented here showed that the 0 2 protein recognizes and binds to alternative sequences, even if they lack the ACGT core. This corroborates the hypothesis that one factor may have different affinities for multiple sites and points to the necessity of combining binding experiments in vitro with expression assays in vivo to dissect the biologically relevant parameters involved in the protein-DNA interaction. Moreover, we stress the importance of finding among related genes the occurrence of naturally preserved variants of functional cis elements to obtain insights into the understanding of the evolution of gene regulation mechanisms.
METHODS
Constructlon of Plasmids
All sequence position numbers refer to the ATG initiation codon. The pACT1-F plasmid (McElroy et al., 1990) , which was used as a positive control in the endosperm transient expression assay, contained the b-glucuronidase (GUS) gene under the control of the strong constitutive rice actinl promoter.
f285a-CGUS is a 0.3-kb fragment that was amplified from an EcoRI-Stul a-36 promoter subclone (Ottoboni et al., 1993) using the universal sequencing primer and the primer Alfacoix-ATG 5' -TGCTGG-ATCCATGGCGACAAGATGCTGCT-3' (New England BioLabs, Inc., Beverly, MA), which is complementary to the -18 to +8 fragment and creates Ncol and BamHl restriction sites over the ATG. The amplified fragment was digested with EcoRl and BamHl and inserted into pBluescript KS+ (Stratagene). The resulting clone P285a-C was verified by sequencing of both strands. The cloned fragment was then recovered by digestion with Hincll and Ncol and inserted into the pRT103 plasmid (Topfer et al., 1987) , which was digested with the same enzymes, replacing the cauliflower mosaic virus (CaMV) 35s promoter. The GUS coding region was excised from pJ11140 (Gallie et al., 1987) by digestion with Ncol and BamHl and fused in the corresponding sites among the 285-bp a-36 promoter and the CaMV 35s poly(A) signal.
P285A02b is the 285-bp promoter fragment of P285u-C that was amplified using the universal sequencing primer and the primer Alfacoix-272 5'-CTGCGAATTCAAGCGACACTTTTTTCTT-3' (New England BioLabs, Inc.), which is complementary to the -285 to -262 and creates a deletion of the CAATAGA sequence in the 02b box. The amplified fragment was digested with EcoRl and BamHl and inserted into pBluescript KS+. The resulting clone was verified by sequencing both strands.
Pa-CxGUS is the a-38 promoter fragment that spans residues from -1084 to -285 and was excised from the a-3C coixin clone (Ottoboni et al., 1993) by digestion with Hindlll and EcoRI. The 0.8-kb fragment was ligated into the corresponding sites of P285a-C, giving rise to the whole a-3B promoter clone Pa-Cx. Afterward, this promoter was recovered by Hincll and Ncol digestion and inserted at the same sites of pRT103 replacing the CaMV 35s promoter, which resulted in the Pa-CxlO3 clone. The GUS gene was inserted as given above.
Pa-Cs(-)GUS is an EcoRI-Sau3Al fragment spanning nucleotides -285 to -50 of the a-36 (Ottoboni et al., 1993) promoter. It was subcloned in the EcoRI-BamHI fragment of the pBluescript KS+ vector. Subsequently, the upstream promoter fragment from -1165 to -285, which was obtained by digesting the a3C clone (Ottoboni et al., 1993) with Hincll and EcoRI, was joined, resulting in the a-36 promoter clone Pa-Cs. The whole fragment was excised with Hincll and Sstl, blunt ended with T4 DNA polymerase, and ligated with pRTlO3, which was linearized with Hincll and Xhol and blunt ended with T4 DNA polymerase. Recombinant plasmids were screened by replica plate hybridization, and those with the promoter in the reverse orientation with respect to the CaMV 35s poly(A) signal were identified by restriction mapping. The GUS gene was then inserted as mentioned previousiy.
Pa-PCxGUS is an Xbal clone containing the pseudogene a-3A (Ottoboni et al., 1993 ) from positions -962 to +1081. It was used as a template for polymerase chain reaction amplification of the promoter region. The primers used were the reverse sequencing primer and the Alfacoix-ATG oligonucleotide. The amplified product was cloned using the TA cioning system K2000-O1 (Invitrogen, San Diego, CA) and sequenced on both strands. After digestion with Xbal and treatment with T4 DNA polymerase, the promoter fragment was excised with Ncol and used to replace the CaMV 355 promoter of pRT103 linearized with Hincll and Ncol, resulting in the PaPCx703 clone. Subsequently, the GUS gene was cloned into the Ncol-BamHI sites as described above.
P276aZ4GUS is the fragment spanning nucleotides -276 to +I of the 222-4 a-zein gene that was excised as an EcoRI-Ncol fragment from the vector PZ4Luc (kindly provided by R.J. Schmidt, University of California at San Diego) and used to replace the a-coixin promoter of P285a-CGUS.
Pu-Z~GUS was derived from the PZ4Luc plasmid that was digested with Accl, treated with the Klenowfragment of DNA polymerase I, and then restricted with Ncol to obtain an 840-bp 222-4 promotersequence spanning nucleotides -841 to +l. Subsequently, in a tripartite ligation, this fragment was fused to pRTIO3 digested with Hincll-BamHI and the Ncol-BamHI GUS coding sequences. The Pa-Z4703 clone used in the DNA binding assay was obtained by fusing the above mentioned 840-bp 222-4 fragment to pRT103 digested with Hincll and Ncol. pRT103GUS was obtained by ligating the Ncol-BamHI GUS fragment into the corresponding sites of pRT103.
pRT101-O2 is the complete maize Opaque2 (02) cDNA from clone 02cDNA7-4 obtained by partial digestion with EcoRl and subsequently inserted into pRTlOl (Topfer et al., 1987) linearized with EcoRl and treated with calf intestinal alkaline phosphatase (New England BioLabs, Inc.) according to the manufacturer's instructions. A clone in which the 0 2 cDNA entered in the correct orientation was identified by restriction mapping.
Transient Expression Assays in lmmature Maize Endosperm
The commercial maize hybrid F-352 from Sementes Agroceres S/A (São Paulo, Brazil) was grown at the experimental field of University of Campinas and self-pollinated. Ears were harvested at 15 days after pollination, surface sterilized for 15 min with 5% commercial bleach, and rinsed four times in distilled water. Seeds were dissected from the cob and sectioned longitudinally; 16 sections were flattened on 100-mm-diameter Petri dishes containing 20 mL of MS medium (Murashige and Skoog, 1962) , with the sliced surface facing upward. Five micrograms of CsCI-purified DNA alone or coprecipitated with 10 pg pRT101-O2 was used to coat 3 mg of 1-to 3-pm-diameter gold particles according to the method of . The endosperms were bombarded twice with 0.5 pg DNA (or 1.5 pg when cotransfected) using a homemade helium particle delivery device . After bombardment, the samples were incubated for 48 hr in the dark at 27 f 1OC. The endosperms were then stained for GUS activity according to the method of Jefferson (1987) . To minimize experimental errors, all constructs were evenly analyzed using seeds of the same ear.
Transient Expression Assays in Tobacco Mesophyll Protoplasts
Nicotiana tabacum cv SR1 plants were grown in axenic conditions on MS salts (Murashige and Skoog, 1962) . Mesophyll protoplasts were prepared from young leaves as described by Saul et al. (1988) . Samples of 0.5 x 106 protoplasts were used for PEG transformation (Saul et al., 1988; Negrutiu et al., 1990) . Ten microgramsof Pa-CxGUS DNA, or equimolar amounts of the other constructs, plus sonicated salmon sperm DNA to a final amount of 43 pg were used in the transformation of each aliquot of protoplast. After incubation for 24 hr, the protoplasts were pelleted, lysed in GUS extraction buffer (Jefferson, 1987) , and centrifuged; the supernatant was used for protein estimation (Bradford, 1976) . One microgram of protein was used in the fluorometric GUS assay (Jefferson, 1987) .
DNA Binding Assay
The DNA binding assay was performed with a P-galactosidase-O2 (pGal::02) fusion protein according to the method of Schmidt et al. (1992) . Approximately 40 ng of 32P-labeled SauSAl, EcoRI-Sau3A1, or EcoRl-Xbal digests of plasmids Pa-CxlO3, Pa-Z4103, Pa-PCxlO3, P285a-C, P285A02b, and pBluescript KS+ (used as a negative control) was incubated with 15 WL protein A-Sepharose beads containing the D-Gal::02 immunocomplex for 90 min at room temperature with intermittent agitation. Washes, processing, and agarose gel electrophe resis of the retained fragment were performed as described by Schmidt et al. (1992) .
DNase I Footprint
The 260-bp Sau3Al restriction fragment from a-3B, which contained all the putative 0 2 target sites, was cloned into the BamHl site of p6luescript KS+. Either a Hindlll-Notl or an EcoRV-Xbal fragment containing the 260-bp sequence and flanking polylinker sites was isolated from an agarose gel and 3' end labeled by partial fill-in with aJ2P-dATP, the other deoxynucleotide triphosphates (when required), and the Klenow fragment of DNA polymerase I, thereby labeling the bottom or the top strand, respectively. Note that in contrast to the T4 polynucleotide kinase labeling procedure in the Klenow method that was just described, the 3'end of the strand is labeled rather than the 5' end. The labeled fragments were then purified from a 7.5% polyacrylamide gel, and for each reaction, 35,000 cpm of DNA was incubated with O, 10,20, and 30 pL of the protein A-Sepharose beads containing the immunoprecipitated p-Gal::02 fusion plus 30, 20, 10, and O pL of the protein A-Sepharose beads, respectively, in a total volume of 50 pL of binding buffer containing 12.5 mM Hepes, pH 7.5, 50 mM KCI, 10% glycerol, 0.05% Nonidet P-40, 0.5 mM DTT, and 0.7 w poly(d1-dC). Reaction mixtures were incubated for 15 min at 4OC and then digested with 0.3 units of DNase I according to recommendations of the Sure Track Footprinting Kit (No. 27-9101-01; Pharmacia LKB Biotechnology). The resulting fragments were separated by electrophoresis on a 5 or 6% sequencing gel. The same end-labeled DNA was treated with the G+A and G chemical cleavage reaction, according to the Sure Track Footprinting Kit or the Maxam-Gilbert Sequencing Kit (No. SEQ-1; Sigma) manufacturer's recommendations, respectively, and run on lanes adjacent to the footprinting reactions.
